Early detection is an effective means of reducing cancer mortality. Here, we describe a highly sensitive high-throughput screen that can identify panels of markers for the early detection of solid tumor cells disseminated in peripheral blood. The method is a two-step combination of differential display and high-sensitivity cDNA arrays. In a primary screen, differential display identified 170 candidate marker genes differentially expressed between breast tumor cells and normal breast epithelial cells. In a secondary screen, high-sensitivity arrays assessed expression levels of these genes in 48 blood samples, 22 from healthy volunteers and 26 from breast cancer patients. Cluster analysis identified a group of 12 genes that were elevated in the blood of cancer patients. Permutation analysis of individual genes defined five core genes (P < 0.05, PERMAX test). As a group, the 12 genes generally distinguished accurately between healthy volunteers and patients with breast cancer. Mean expression levels of the 12 genes were elevated in 77% (10 of 13) untreated invasive cancer patients, whereas cluster analysis correctly classified volunteers and patients (P ‫؍‬ 0.0022, Fisher's exact test). Quantitative real-time PCR confirmed array results and indicated that the sensitivity of the assay (1:2 ؋ 10 8 transcripts) was sufficient to detect disseminated solid tumor cells in blood. Expression-based blood assays developed with the screening approach described here have the potential to detect and classify solid tumor cells originating from virtually any primary site in the body.
arly detection is one of the most effective means of reducing cancer mortality. Randomized screening trials have shown that mammography reduces the relative risk of breast cancer death by 15-20% (1) . Early detection greatly improves treatment options and the chances for successful treatment. Although highly effective, mammography has significant barriers as seen by the fact that only one-third of women age 40 and older had a mammogram in 1997 (2) . A blood-based assay for the detection of disseminated breast tumor cells potentially represents a more accessible screening tool. Further, a blood-based assay would not be limited to breast cancer but would have the potential to detect and distinguish solid tumor cells originating from virtually any primary tumor site in the body.
Solid tumors as small as 2 mm in diameter typically display active angiogenesis (3) and hence are capable of releasing tumor cells into peripheral blood. Numerous PCR and immunocytochemistry studies performed with individual breast tumor cell markers have reported the detection of disseminated tumor cells in the blood of breast cancer patients, including patients with localized disease (4) (5) (6) . In earlier stages of disease, disseminated cells are not yet capable of forming metastases. However, these cells represent an easily sampled source for cancer detection.
The development of a robust assay for detecting disseminated solid tumor cells requires a highly sensitive high-throughput screening technique that can identify panels of informative markers. Assays based on individual markers, including the studies cited above, generally report the detection of circulating tumor cells in fewer than half of cancer patients (6) . These low detection rates are likely the result of genetic heterogeneity of most cancers. This heterogeneity is best accommodated by assays that incorporate numerous markers. Gene expression signatures composed of detailed information from panels of informative genes have the potential to lead to highly accurate diagnoses (7) . Our study is significant in that it represents a highly sensitive high-throughput screen useful for the identification of panels of genes that can provide clinically useful information enabling the detection and characterization of disseminated solid tumor cells. Here, we demonstrate the utility of the two-step screening approach by identifying a panel of 12 markers that together identify 77% of patients with invasive breast cancer.
Materials and Methods
Cells and Tissues. Normal breast myoepithelial and luminal epithelial cells were sorted from primary cultures of mammoplasty tissue by immunomagnetic methods (8) . Cultured 76N breast epithelial cells were obtained from mammoplasty tissue (9) . Metastatic breast tumor cell line MDA-MB-435 was obtained from the American Type Culture Collection. Cells were grown in DFCI-1 medium (9) and harvested at 70% confluence. RNA from cultured cells was prepared by the CsCl-cushion method (10, 11) .
Differential Display (DD) Reverse Transcription-PCR. DD was performed (12, 13) to compare normal breast epithelial cells (either 76N cells or sorted myoepithelial and luminal epithelial cells) with MDA-MB-435 tumor cells. Both up-regulated and downregulated cDNA bands were selected for analysis. Approximately 70 primer pairs were used to identify and clone 170 genes (13) . A listing of all genes is available (http:͞͞mbcf.dfci. harvard.edu͞labs͞pardee͞expressionpatterns.html).
Blood Collection and RNA Isolation. Blood was drawn at the time of chemotherapy treatments or immediately before surgery. All donors were female. Age distributions of volunteers and patients were similar. To reduce contamination of samples with skin epithelial cells from the needle stick, 3 ml of blood was drawn into a first tube, which was discarded. Then, 5-10 ml of whole blood was drawn into a second EDTA tube. White cells were isolated within 4 h by using a red cell lysis procedure (Ambion, Austin, TX), and cell pellets were stored at Ϫ80°C. Total RNA Abbreviation: DD, differential display. § To whom reprint requests should be addressed. E-mail: pardee@mbcrr.harvard.edu.
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was purified by using Trizol reagent (Life Technologies, Rockville, MD). Agarose gel electrophoresis and densitometry determined RNA quality and verified its concentration.
Follow-up samples were drawn from three healthy volunteers. Samples N0b and N0c were drawn from the same individual, as was initial sample N0a, after intervals of 5 months and 5 months plus 1 week. N2b and N2c were from the same individual as N2a following intervals of 2 weeks and 5 months. N2c(1) and N2c (2) were run on different days with different membranes by using the same N2c RNA preparation. N4b was from the same individual as N4a following an interval of 2 weeks. N4a(1) and N4a (2) are repeated experiments performed with the same RNA preparation.
High-Sensitivity cDNA Arrays. cDNA arrays were used to test a set of 196 candidate tumor marker genes for their ability to distinguish the blood of breast cancer patients from that of healthy volunteers. One-hundred seventy of these candidate marker genes were isolated by DD (13) , and 26 genes were obtained from the literature. Arrays were prepared (13) by spotting cDNA onto positively charged nylon membranes (m Separations, Westboro, MA). Forty replicate membranes were prepared, and radiolabeled cDNA probes were prepared (11, 13) . Membranes were prehybridized 3 h in formamide-based buffer (11) at 41°C. Probe was then added to buffer, and membranes were hybridized 18 h at 41°C. Membranes were washed (11), exposed to phosphorimaging screens for 2 days, and analyzed by using the Storm system and ImageQuant software (Molecular Dynamics). Membranes were stripped and reused three times. Profiles represent individual experiments.
Control experiments were performed to test array reproducibility. Repeated analyses of a single preparation of MDA-MB-435 RNA on different days performed with different membranes showed that 95% of data points fell within 2.5-fold limits. Similar results were obtained with other RNA preparations.
Data Analysis. Signal intensities were quantified and normalized (13) . Cluster analysis was performed by using software written by M. Eisen (14) . Data sets were logarithmically transformed. Average linkage hierarchical clustering was performed by using an uncentered correlation for both array and gene-clustering dimensions. Hierarchical cluster analysis performed by using alternate similarity metrics gave similar conclusions, as did K means clustering. Full cluster diagram with gene identities and other materials are available (see Figs. 4 and 5, which are published as supplemental data on the PNAS web site, www. pnas.org).
Quantitative Real-Time PCR. Two micrograms of total RNA from white cells were denatured at 70°C for 10 min and then reversetranscribed in a 30-l reaction mixture containing 250 M of each dNTP, 50 units of reverse transcriptase enzyme (Superscript II, Life Technologies), 80 ng͞l oligo(dT), 12-18 primers (Life Technologies), 1 ϫ PCR buffer, 2.0 mM MgCl 2 (Applied Biosystems) at 42°C for 50 min. cDNAs were purified on Sepharose G-50 columns (Boehringer Mannheim), dried, and resuspended in 50 l of dH 2 O. Reactions omitting enzyme or RNA were used as negative controls.
Specific primers for human maspin, mdm-2, and gro-alpha genes (see Table 1 , which is published as supplemental data on the PNAS web site) were designed to work in the same cycling conditions (95°C for 10 min followed by 45 cycles at 95°C for 15 s and 60°C for 1 min) generating products with sizes 100 to 150 bp. Glyceraldehyde-3-phosphate dehydrogenase, ␤-actin, ribosomal protein PO, and cyclophilin (see Table 1 , which is published as supplemental data on the PNAS web site) were tested as reference genes by using a group of four normal blood samples and four patients' blood. Glyceraldehyde-3-phosphate dehydrogenase and ribosomal protein PO levels were similar in tested samples (and consistent with cDNA amounts as determined by absorbance (A) at 260 nm and fluorescence of the single-strand DNA-specific dye OliGreen, Molecular Probes), whereas ␤-actin and cyclophilin showed high variations (data not shown). PCR was performed by using an Applied Biosystems PRISM 7700 Sequence Detector and SYBR Green reagents. For each reaction, standard curves for both target and reference gene were made by using six 4-fold serial dilutions of N27 cDNA. All samples were run in triplicate. Relative amounts of maspin, mdm-2, and gro-alpha transcripts were calculated by comparison with standard curves. Data were normalized to glyceraldehyde-3-phosphate dehydrogenase or the amount of cDNA in the reaction. All samples were resolved in a 1.8% DNA agarose gel to confirm the PCR specificity.
Results

High-Sensitivity Array Screening of Candidate Markers in Blood.
Blood samples were collected from a total of 41 different women (15 normal volunteers, 26 breast cancer patients). Five follow-up blood samples were collected from three of the normal volunteers, and two normal blood samples were analyzed in duplicate, resulting in a total of 48 different array analyses performed. Cluster analysis allowed identification of a single group of 12 breast cancer marker genes that were expressed at higher levels in the blood of breast cancer patients than that of healthy volunteers. The 12 cancer marker genes as a group were elevated in 77% (10 of 13) of untreated invasive cancer patients (Fig. 1 ). These marker genes were generally not elevated in patients treated with chemotherapy (29%, 2 of 7). The genes were also not generally elevated in patients with local disease (ductal carcinoma in situ; 17%, 1 of 6). Three false positives initially resulted among 15 healthy volunteers (19%). Follow-up tests of three (N0, N2, and N4) confirmed two originally negative results (N2 and N4) and corrected one originally positive result (N0), bringing the false positive rate to 13% (2 of 15).
Gene expression levels of a set of five ''housekeeping'' control genes often used as nondifferential controls are shown (Fig. 1 Middle). These genes were generally expressed at nondifferential levels in the blood samples.
cDNA arrays also included genes reported in the literature to be useful expression markers for breast cancer, including keratins 14 and 19, muc-1 and her2͞neu. Expression results for these are shown (Fig. 1 Bottom) . Keratins are specific for epithelial cells. Keratin 14 and 19 distinguish the two epithelial cell types present in breast tissue, myoepithelial and luminal epithelial cells, respectively (15) . Keratin 19 has been reported to be a useful marker for disseminated tumor cells in the blood in numerous studies (e.g., ref. 16 ), although others have reported elevated keratin 19 in similar percentages of healthy individuals and cancer patients (17) . Both keratins in our study were found at elevated levels in the blood of most healthy individuals and cancer patients and hence were not useful markers.
muc-1 and her2͞neu have also been reported as useful markers for breast cancer in some blood studies (4, 18) but not others (19, 20) . Our results found muc-1 high in normal blood and hence not a useful marker (Fig. 1) . In contrast, her2͞neu was generally low in healthy individuals but was elevated in 4 of 13 (31%) untreated invasive breast cancer patients (Fig. 1) . her2͞neu would likely be a useful addition to an expression signature panel. Apparently conflicting results of different studies may reflect heterogeneity in relatively small cancer patient and control populations. Conclusive studies to determine marker utility will require large numbers (hundreds) of samples. Variations in blood collection, RNA preparation, and marker detection procedures may also generate differing results.
Statistical Analysis of Expression Results.
The statistical significance of individual gene expression levels was tested by permutation analysis (21) . The software used, PERMAX, performs permutation 2-sample t tests on large arrays. The significance level for each gene is determined by comparing its statistic to the permutation distribution of the max statistic over all genes. The main use is to determine genes that are most different between two groups. We applied this test to a group of blood samples that included the first sample collected from each of the 15 healthy volunteers and all of 26 breast cancer patients. PERMAX identified five ''most significant'' genes that drive distinction among the 12 genes of cluster I (Fig. 1) . These genes include CD44, maspin, gro-alpha, tubulin, and N33. P values are indicated (Fig.  1) . These five genes were found to be most distinguished between cancer patient and healthy volunteer groups. A cross-validation procedure done by dropping one tissue at each test confirmed these five most significant genes. Other significant genes (P Ͻ 0.05) identified by PERMAX but not represented in cluster I included ␤-actin (P ϭ 0.0014), doc-1 (P ϭ 0.0124), mac25 (P ϭ 0.0126), unknown 28͞13 (P ϭ 0.0180), unknown TG90D (P ϭ 0.0188), desmoglein 2 (P ϭ 0.0240), c-fos (P ϭ 0.0262), interferon ␥ (P ϭ 0.0278), and chondroitin sulfate proteoglycan (P ϭ 0.0372).
Classification of Blood Samples by Hierarchical Cluster Analysis.
Hierarchical cluster analysis was used to classify blood samples based on array results. This analysis was performed by using expression information from only the 12 cluster I genes. Clinical information for the blood samples and the tree generated by this analysis are available (see Fig. 6 , which is published as supplemental data on the PNAS web site). Cluster analysis sorted blood samples into three classes: A, B and C. Class A included samples with a high percentage of overexpressed (red) cluster I genes, class B included samples with a mix of overexpressed and underexpressed (red and blue) genes, and class C included samples with underexpressed (blue) genes. Classification of blood samples was in close agreement with the disease status of the blood donors (P ϭ 0.0022; Fisher's exact test). Class A was predominantly composed of samples from patients with untreated invasive ductal breast cancer. It included 69% (9 of 13) patients with untreated invasive ductal carcinoma and only 14% (3 of 22) healthy volunteers. Classes B and C together included predominantly healthy volunteers (86%, 19 of 22). Patients with localized disease (ductal carcinoma in situ) generally fell into class B (75%, 3 of 4), indicating that the markers did not effectively detect noninvasive cancer. Patients who had been treated with chemotherapy before blood sampling were split between class A (33%, 2 of 6) and class C (67%, 4 of 6). This division between cancer-predominant and normal-predominant classes may reflect the extent of treatment efficacy, although data are not currently available to confirm this.
We have considered possible sources of artifacts that could impact our system. First, cancer patients will be subjected to a level of stress that may result in alterations in gene expression by white cells. In this regard, it is significant that patients with localized disease, which would likely generate similar stress responses, did not produce elevated markers. Also, recent breast biopsy or surgery could increase circulating breast cells poten- tially generating marker responses. The timing of recent procedures (see Fig. 6 , which is published as supplemental data on the PNAS web site) indicated that the length of time postoperation did not relate to the level of expression of cluster I markers.
Confirmation of Array Results by Real-Time PCR.
Quantitative realtime PCR was used to check the accuracy of representative cDNA array measurements (Fig. 2) . Real-time PCR of three markers (mdm-2, gro-alpha, and maspin) was performed in a subset of both cancerous and healthy blood samples by using the standard curve method. Cycle times exceeding a threshold value (C T ) for a set of dilutions (Fig. 3A) were used to generate a standard curve (Fig. 3B ) from which expression levels of experimental samples were interpolated. Representative data for mdm-2 are shown ( Fig. 3 A and B) ; similar procedures were followed for gro-alpha and maspin. For all three genes, real-time PCR confirmed array results (Fig. 2 and data not shown) . In all cases, markers were expressed at higher levels in the blood of cancer patients than that of healthy individuals.
Assessment of Array Sensitivity. Numbers of disseminated solid tumor cells present in the blood have been previously quantitated by using individual and double markers by a variety of immunology and PCR-based techniques. Sensitivity of 1 in a million cells is generally considered necessary for such measurements. Maximum reported levels of tumor cells in the blood of breast cancer patients exceed 3,000 cells per ml (5, 6) . Averages (SD Ͼ 100%) reported for different stages of disease include organ-confined breast cancer, 0.8 cells per ml; invasive breast cancer spread to lymph nodes only, 2.4 cells per ml; and metastatic breast cancer, 6 cells per ml (6) .
To determine whether our cDNA arrays were sufficiently sensitive to detect disseminated tumor cells in blood, their sensitivity limit was assessed by quantitative real-time PCR of maspin. Maspin expression in the blood of healthy volunteers was at the limit of array detection. Low, but measurable maspin levels were detected by arrays in 33% of healthy volunteers (7 of 21), whereas the others had undetectable levels ( Fig. 1 and data not shown). Maspin expression was measured by real-time PCR in three normal blood samples: N12, N21, and N27.
The absolute level of maspin transcripts was determined by comparison with a standard curve generated from dilutions of quantitated maspin plasmid (Fig. 3C) . Identical standard curves were generated if maspin plasmid was measured alone or added to normal blood cDNA (Fig. 3C) . Measurements of maspin transcripts (Fig. 3D ) in blood were normalized to the amount of cDNA in reverse transcription reactions, which was quantitated by two methods: OD 260 and fluorescence of the single-strand DNA dye OliGreen. Results were adjusted to account for the use of double-stranded plasmid in standard curves and for the size of maspin cDNA (3 kb), which is longer than an average cellular transcript (2 kb). Maspin was quantitated in cDNA preparations, and its level relative to total cDNA was assumed to be equivalent in cDNA and RNA.
In blood sample N21, a 2-l reverse transcription reaction contained 2.4 ϫ 10 Ϫ4 pg maspin cDNA and 3.6 ϫ 10 4 pg total cDNA. Hence, maspin transcripts represented 1 in 2.3 ϫ 10 8 transcripts (e.g., 2.2 ϫ 10 Ϫ9 maspin messages͞total cellular messages). Because a typical mammalian cell has 3.6 ϫ 10 5 RNAs in its cytoplasm, this corresponds to an in vivo level of 1.6 ϫ 10 Ϫ3 copies per white blood cell. Maspin expression was similar in N27, which was not tested by arrays, and 2-fold lower in N12, which had an undetectable level of maspin by arrays. Hence the limit of detection for our arrays was approximately 1 in 2 ϫ 10 8 transcripts. This is two orders of magnitude less sensitive than PCR, which has a limit of approximately 1 in 10 10 messages. However, it is three orders of magnitude better than oligonucleotide microarrays with a limit of 1 in 3 ϫ 10 5 messages (22) . The enhanced sensitivity of our arrays can be accounted for by the use of 32 P rather than fluorescence labeling, membranes rather than glass, and long cDNA tags rather than oligonucleotides.
The detection limit of 1 in 2 ϫ 10 8 can be used to calculate whether arrays are capable of detecting low numbers of disseminated tumor cells in blood. If one assumes tumor cells and white cells express similar total amounts of RNA and that the marker used is abundant in tumor cells (e.g., 1,000 copies per cell), then it can be calculated that the arrays can detect as few as 1 in 10 6 cells (e.g., 5 tumor cells per ml of blood). This level of sensitivity is sufficient for the detection of tumor cells in blood (5, 6) and hence the assay is predicted to be a useful screening method.
Discussion
The objective of this study was to test our two-step approach of DD and high-sensitivity cDNA arrays for its ability to identify panels of expression markers that can detect disseminated solid tumor cells in the blood. We have previously used DD to identify solid tumor cell markers from blood (23, 24) . Here, we demonstrate the ability of the two-step approach to identify numerous genes that detect and characterize cancer cells in the blood. These studies represent an initial phase in the development of a potentially versatile and powerful clinical assay system that can accurately detect and characterize circulating tumor cells based on an expression signature.
In recent years, several highly sensitive methods have been developed to detect circulating cancer cells in the blood of patients with different types of malignancies. By using flow cytometry and an in vitro cell-spiking assay, Gross et al. detected 1 tumor cell in 10 7 peripheral blood mononuclear cells (25) . The combination of immunomagnetic beads coated with antibodies against tumor antigens and flow cytometry was also sufficiently sensitive to detect cancer cells in patients' blood (6) . An automated rare-event detection system by using a computerized fluorescence microscope was able to find 1 cancer cell in 10 6 peripheral blood cells and also allowed analysis of cell morphology and staining patterns. Immunohistochemical studies of bone Real-time PCR confirmed cDNA array expression levels. mdm-2 and gro-alpha expression levels were measured in the blood of breast cancer patients and healthy volunteers. PCR results were normalized to total cDNA determined by OD 260 and expressed relative to sample N27. Array assay was not performed for sample N27.
marrow aspirates also show positive correlation with clinical parameters of disease progression (26) . Reverse transcription-PCR-based methods are highly sensitive and have been extensively applied for the detection of tumor cells dispersed in the circulation or in regional lymph nodes. Real-time reverse transcription-PCR has also been successfully used to detect mammary carcinoma cells in the peripheral blood of breast cancer patients (4) . All of these techniques are powerful methods for the detection of tumor cells; however, they require prior selection of useful markers.
Our two-step combination of DD and high-sensitivity arrays is significant in that it represents a means of screening for blooddisseminated tumor cell markers. To test the arrays, we had two specific objectives: first, to determine whether the arrays were capable of detecting disseminated tumor cells by measuring their sensitivity; second, to perform a practical test by using the arrays to screen expression levels of a set of candidate markers in a panel of breast cancer patient and normal volunteer blood. Results show that the assay is effective in both regards.
The markers we identified could have been expressed by disseminated tumor cells themselves or could represent a response of blood cells to the presence of cancer in the body. Expression changes of leukocytes may assist in detecting cancer; however, our major emphasis is on the identification of markers expressed by disseminated tumor cells. Several lines of evidence indicate that disseminated tumor cells themselves expressed our 12 markers. First, our primary DD screen selected only markers that were expressed by breast cells. Second, our arrays were sensitive enough (1 in 2 ϫ 10 8 transcripts or 5 tumor cells per ml of blood) to detect tumor cells in the blood (5, 6) . Third, the markers we identified were generally expressed at very low or undetectable levels in healthy individuals.
The identities of the individual markers included in cluster I are of interest. Several of these genes have been previously described as useful markers for tumor cells in the blood. Their inclusion among the cluster I genes confirms the significance of our results. In particular, maspin is a breast-specific serineprotease inhibitor that is down-regulated during the process of tumorigenesis, inhibits breast tumor cell invasion and motility (27) , and inhibits angiogenesis (28) . Hence, detection of this gene in the blood may indicate nonmetastatic disease. Maspin has been described as a useful marker for PCR-based detection of breast cancer cells in the blood (29, 30) , although other studies have reported unsuitably high levels of expression in the blood of healthy individuals (31) . Further, rates of maspin detection in blood increased after chemotherapy, presumably as a result of therapy-induced tumor cell mobilization (30, 31) .
Other previously identified tumor markers found in cluster I include mdm-2, CD44, gro-alpha, and HSIX-1. mdm-2 is a cellular oncoprotein that binds to p53 protein and abrogates its growth-suppressing function (32) . mdm-2 is overexpressed in 30-70% of breast tumors (33, 34) , and its levels in tumor tissue are correlated with patient survival (35) . CD44 RNA and protein have also been previously described as useful blood markers for breast cancer (36) . Malignant breast tissue often overproduces nine or more alternatively spliced large molecular variants of CD44, whereas control tissue samples only occasionally produce minimal quantities of one or two small variants in addition to the standard product. Gro-alpha, originally identified as a melanocyte growth stimulatory cytokine, is overexpressed in colon cancers (37) and induces migration of breast tumor cells (38) . HSIX1 is a homeobox transcription factor that is elevated in breast and other cancers (39) . Further testing of hundreds of blood samples will be required to confirm the statistical significance of each of the cluster I genes as informative components of an expression-based blood assay.
The array assay resulted in a false positive rate of 13% (2 of 15). Three false positives initially resulted among the first blood samples drawn from 15 healthy volunteers (19%, 3 of 15) . However, follow-up testing of additional blood samples from one of these women corrected one of the false positives. In the cases of these false positives, it is possible that the cluster I markers detected disseminated nonmalignant breast epithelial cells, which may have been in the circulation because of inflammation or other normal mammary processes. Further testing will be necessary to determine the reason for the elevated marker responses in healthy women.
The false positive rate of 13% resulting from this assay is similar to that of mammography. Although the vast majority of women screened by mammography are cancer free, up to 10% will have their mammogram interpreted as abnormal or inconclusive until further tests can be done.
We envision blood marker systems as versatile and powerful clinical screening tools for early detection and characterization of breast cancer. The assay could be part of routine screening. For example, patients at risk for breast cancer could be screened at yearly intervals in addition to mammography. Mammography typically detects 90% of breast cancers in women without symptoms.
A blood-based expression assay could be also used to detect cancers other than breast cancer. Lung, colon, prostate, and stomach cancer are additional highly prevalent cancer types that together with breast cancer account for the great majority of all cancer deaths. Inclusion of markers to detect and distinguish between these cancers would allow the assay to detect most cancers. Ovarian and pancreatic tumors, although less prevalent, lack early symptoms and patients would greatly benefit from early detection.
Important considerations for an assay to be used as a general cancer screening tool include a low rate of false positives, a robust system with a large margin of differentiation between positive and negative results, and a high rate of detection of cancers. Further clinical development may take the blood assay toward PCR methodology or antibody detection of the marker gene's protein products. Markers for numerous additional cancer types can be added to panels. Secondary assays could potentially include markers to characterize tumor cells of specific cancer types, once cancer cells have been detected and the primary site has been identified. For instance, a breast cancer panel of markers could conceivably determine estrogen receptor status, prognosis, tumor stage, grade, size, and optimum therapy.
